Moisture addition at the mixer has been shown to increase pellet durability and decrease pellet mill energy consumption for corn-soybean-based diets; however, the effect of this process on animal performance has not been tested. Two experiments were conducted to examine the effect of moisture addition on male broiler live weight gain (LWG), feed efficiency (FE), and mortality. Moisture was added to the diets at the mixer. The diets were fed in the form of mash or crumbled/pelleted feed. Feed form and moisture treatments were applied to a 0-to-3-wk battery study and a 0-to-6-wk floor pen study. Feeding crumbled/standard pelleted diets resulted in higher LWG and FE compared to mash diets in both studies. High moisture pelleted treatments contributed to significantly higher adjusted FE in the 3-to-6-wk period of the floor pen experiment compared to the low moisture treatments. Broiler death was affected only in the 3-to-6-wk period of the floor pen experiment, in which standard pelleted diets produced a significantly higher percentage of mortality relative to mash diets. These results show that high moisture pelleted diets are beneficial to bird performance when fed in the 3-to-6-wk grower period, and crumbled/pelleted diets are superior to mash throughout broiler rearing. 
and increased pellet durability, which is a measure of pellet quality. On average, a 3% increase in mash moisture resulted in a 2.3% decrease in energy usage and a 10% increase in pellet durability. Adding moisture to feed in this manner has not been evaluated through broiler performance trials. However, post-pelleted broiler feed, mixed in high ratios with water, has been shown to significantly improve broiler weight gains and 25-to-40-d feed efficiency [5] . The objective of these experiments was to evaluate the addition of moisture to unprocessed mash at the mixer and determine the impact of this method on feed manufacturing and broiler performance for mash and pelleted diets.
MATERIALS AND METHODS

TREATMENTS AND FEED MANUFACTURING
Two experiments were conducted in which treatments consisted of high moisture and low moisture mash and crumbled/pelleted diets. Moisture additions were made at the mixer [(Sprout Waldron, Dundas, MN; Model B-37, double ribbon mixer with a shaft speed of 34 rpm and a capacity of 1,000 lbs (454 kg)]. Moisture control was achieved through use of a commercial surfactant/water application system with a moisture sensor mounted directly in the mixer (Agrichem, Inc., Ham Lake, MN; Grain Prep non-acidic surfactant and Grain Prep Auto Delivery System). Surfactant/water solution was added to high moisture treatments until 15% moisture was reached. The low and high moisture feeds averaged 92.7 and 85.3% dry matter, respectively.
Immediately after moisture addition, the mash was mixed for 3 min followed by oil addition and another 3-min mix cycle. Mash treatments were then bagged. For crumbled/pelleted treatments, the mash was conveyed to the pellet mill and subsequently steam-conditioned and pelleted using a short-term conditioner [1 × 3 ft (0.31 × 0.91 m) 10-s retention time] with a constant temperature of 180°F (82.2°C). The pellets were formed using a California Pellet Mill Master, Model HD Series 1000, with a 5/32 × 1.25 in (3.97 × 31.75 mm) die.
Crumbled diets were prepared using crumbling rolls set at a 2-mm gap. All crumbled starter diets were pelleted at a constant pellet mill motor load. Pelleted grower diets were manufactured at a constant production rate due to the compounding effect of high moisture and higher feed volume. Samples were sequentially collected throughout the processing run of each treatment. These samples were analyzed for moisture [6] , starch gelatinization [7] , and pellet durability [8] when applicable. The samples were analyzed in duplicate, and the averages were calculated and reported to describe each treatment ( Table 1 ). All diets were bagged in 50-lb (22.68 kg) allotments and stored for 2 wk prior to feeding.
DIETS AND EXPERIMENTAL DESIGN
All dietary treatments within the starter and grower formulations were similar in composition prior to the addition of moisture ( Table 1) . The corn used in the formulations was unique in that it averaged 7% moisture. In each experiment, the four treatments were fed to commercial male broilers in a randomized complete block design with moisture × feed form as factors. Blocking criteria were designated as battery level and area within the house for the battery and floor pen experiments, respectively. EXPERIMENT 1 Experiment 1 was conducted using Petersime battery brooders located in an environmentally controlled room. Eight male CobbVantress hatchling chicks were allotted to each battery pen, and pen was the experimental unit. Each of the four starter diet treatments was fed to 16 replicate pens for 3 wk (Table 1) . Feed and water were provided ad libitum. At the conclusion of the 3-wk period, pen weights and feed consumption were recorded, and live weight gain (LWG), feed efficiency (FE), and mortality percentages were calculated. All feed efficiency values were calculated using mortality weights. Feed efficiencies were also adjusted to 12.5% moisture to account for the variation in nutrient densities among low moisture and high moisture treatments caused by the addition of the surfactant/water solution. The adjustment was calculated by multiplying feed efficiency values with the ratio of desired dry matter to actual dry matter.
EXPERIMENT 2
In Experiment 2, birds were reared on the floor in a curtain-sided, positive-pressure ventilated house. Forty-five, male Cobb-Vantress hatchling chicks were allotted to each 4.83 × 6.33 ft (1.47 × 1.93 m) floor pen, which was defined as the experimental unit. Each pen contained fresh wood shavings bedding, nipple drinkers, and a Choretime feed pan adapted to a hopper. Each of the four starter diet treatments was fed to 16 replicate pens for 3 wk. At the conclusion of the 3-wk period, pen weights and feed consumption were recorded, and LWG, FE, and mortality percentages were calculated. FE was again adjusted to 12.5% moisture. The broilers were then fed grower diets that corresponded in treatment type to the previously fed starter diets ( Table 1 ). The broilers remained on this diet for an additional 3 wk. At the conclusion of this period, data were collected, and calculations were performed in a similar manner as in the first 3-wk period. Throughout the experiment, feed and water were provided ad libitum.
In both experiments, birds were reared according to protocols established by the Kansas State University Animal Care and Use Committee. These experiments were conducted during November and December. Throughout the experiments, temperature was regulated thermostatically by starting chicks at 95°F (35°C) and decreasing the temperature by 5°F each subsequent week to maximize bird comfort.
STATISTICAL ANALYSIS
Bird performance data from the battery and floor pen study were statistically analyzed for main effects and interactions through the general linear models analysis of variance procedure of the Statistical Analysis System [9]. Significant effects were further explored using Fisher's least-significant difference test to determine differences among treatment means (α = 0.05).
RESULTS AND DISCUSSION
FEED MANUFACTURING
The sole addition of moisture to mash feeds had a distinguishable effect on those feeds, when pelleted, with respect to durability and starch gelatinization ( Table 2 ). The durability index of pellets (PDI), when measured with the standard and modified procedures demonstrated marked increases for starter and grower diets. Starch gelatinization was also notably increased due added moisture. This finding may be the result of water acting as a prerequisite to initiate gelatinization and secondly functioning as a limiting factor for the full gelatinization of starch in the diets [10] . Differences in gelatinization percentages among starter and grower diets may be explained by the different corn to oil ratios in the formulations, which may reduce frictional heat, flow rate, etc. (Table 1) . No evident differences in handling characteristics were noted be- tween mash treatments with and without added moisture.
EXPERIMENT 1
The performance data from the battery experiment is shown in Table 3 . The moisture levels among treatments contributed to a significant interaction with feed form for LWG (P = 0.037). Chicks fed high moisture mash treatments gained significantly less weight than any other treatment, and high moisture crumbled treatments produced the highest LWG. This finding may be the result of the nutrient dilution effect present in high moisture mash treatments. Broilers fed high moisture crumbles, however, were able to compensate for the dilution effect and grow equally well as compared to broilers fed undiluted treatments. A possible explanation for this observation is that the increase in productive Means within a column with no common superscript differ significantly (P < 0.05).
A
Fisher's least-significant difference value.
energy gained from feeding crumbles offset the nutrient dilution. Past work has shown that chicks spend less time eating pelleted diets as compared to mash diets of similar composition, thus expending less maintenance energy [11, 12] . Feed efficiency, calculated at 12.5% moisture, was affected only by feed form (P = 0.007).
Crumbled treatments outperformed mash treatments regardless of moisture level. This finding may be the result of crumbled treatments having the potential to increase broiler productive energy as well as decrease feed wastage compared to mash treatments. Mortality percentages showed no significant differences among treatments.
EXPERIMENT 2
Broiler performance in Experiment 2 was analyzed at 0 to 3 wk, 3 to 6 wk, and 0 to 6 wk. Means within a column with no common superscript differ significantly (P < 0.05).
A
Fisher's least-significant difference value. Table 4 illustrates the performance data collected at 3 wk. This initial phase of growth showed that feed form was the predominate reason for any differences in performance. The effect of moisture on LWG approached significance (P = 0.053); however, feed form appeared to be the primary factor influencing differences in LWG among treatments (P = 0.0003). Crumbled treatments outperformed mash treatments with moisture addition demonstrating no effect on mash diets. Low moisture crumbles, however, produced significantly higher LWG than any other treatment. The beneficial effects of moisture addition were not observed for LWG in the 0-to-3-wk period of Experiment 2. FE calculated at 12.5% moisture showed effects similar to those in Experiment 1. Crumbled treatments outperformed mash treatments, regardless of moisture level. Mortality percentages were not significantly affected due to treatment differences. Table 5 shows the performance data collected from the 3-to-6-wk period of Experiment 2. In this period, LWG was significantly affected by feed form (P = 0.0001) and moisture level (P = 0.021). Pelleted treatments produced significantly higher LWG compared to mash treatments. Broilers fed high moisture mash treatments gained significantly less weight than any other treatment. This observation was in agreement with the results from Experiment 1. High moisture mash treatments caused lower LWG than low moisture mash treatments, perhaps due to a nutrient dilution effect, but this effect was not present for pelleted treatments. Broilers fed high moisture pelleted diets were either able to benefit from conformational changes in ingredients, as illustrated by starch gelatinization, or to compensate for the dilution of nutrients through higher feed form quality, as illustrated by the PDI (Table 2) .
FE calculated at 12.5% moisture was affected by the interaction of feed form and moisture level (P = 0.001). Pelleted treatments outperformed mash treatments, with high moisture pellets producing significantly higher FE compared to low moisture pellets. Broilers at this stage of growth were able to better use high moisture pellets over any other treatment combination. For the grower diet, moisture addition at the mixer produced a superior pellet compared to standard processed pellets as demonstrated by PDI, LWG, and FE adjusted for dilution (Tables 2 and 5). Nir et al. [12] have shown significant improvements in broiler feed efficiency and weight gain with increased "degrees of pelleting," defined by fewer fine inclusions and improved pellet hardness. Past research has also shown that broilers in late performance have an increased beak size that permits the consumption of highly stable pellets and consequently improves the overall efficiency of eating [13] . Differences in percentage mortality in the current study were influenced by feed form (P = 0.0001). Pelleted treatments caused significantly higher mortality compared to mash treatments. Means within a column with no common superscript differ significantly (P < 0.05).
The results from the overall 0-to-6-wk period (Table 6 ) may reflect confounding treatment effects produced by differences obtained in the starter phase, which then carried over into the grower phase. However, if an effect was carried over, it would not have been detrimental with respect to adjusted FE and mortality for high moisture crumbled / standard pelleted diets. These data suggest that broiler performance can be improved when feed is manufactured with elevated levels of moisture. Nonetheless, this study was preliminary. Further research is necessary before an accurate recommendation for moisture usage can be rendered. Means within a column with no common superscript differ significantly (P < 0.05).
It is not the intention of the authors to recommend high moisture additions per se for the improvement of broiler diets. High moisture additions alone could create problems such as a need for higher feed volumes due to nutrient dilutions, which in turn would lead to higher transportation expenses and lower feeding efficiencies. Feeding broilers in this manner would not be cost effective. However, the current study does illustrate potential improvements for broiler diets that incorporate moisture. It may be possible that small moisture additions (0.5 to 1.5%) could provide feeding benefits without the need for higher feed volumes. Similarly, small moisture additions may have use in regulating batch moisture percentages that are produced from ingredients that fluctuate in moisture content. The combination of moisture addition with proper diet formula-
CONCLUSIONS AND APPLICATIONS
1. Addition of moisture at the mixer to corn-soybean-based mash diets that are subsequently pelleted results in a significant increase in broiler FE adjusted for nutrient density in the 3-to-6-wk grower period [low moisture adjusted FE (0.515 g/g) − high moisture adjusted FE (0.529 g/g)]. 2. The increase in FE may result from increased nutrient availability, feeding advantages associated with increased pellet durability, or a combination of these two factors. 3. High moisture treatments demonstrated no negative effect in regard to processing or broiler mortality. 4. Future studies should involve treatments of similar nutrient densities, explore moisture additions that do not contain surfactant, consider the potentials for feed mold, and strive to explain why moisture positively affects broiler performance.
